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Abstract
Vector magnetometry was studied using the electromagnetically induced transparency (EIT)
with linear ⊥ linear (lin ⊥ lin) polarization of the probe and the pump beams in 87Rb - D2
transition. The dependence of the EIT on the direction of the quantization axis and the relative
orientation of the polarization of the applied electric fields was studied experimentally. We have
shown that from the relative strengths of the σ and π EIT peaks, the direction of the magnetic field
can be found. Moreover from the relative separation between the σ and π EIT peaks, the strengths
of the magnetic field can be calculated. We have also demonstrated that the EIT peak amplitudes
show oscillatory behaviour depending upon the orientation of the laser polarization relative to
the magnetic field direction. Using the positions of the maxima and minima, the direction of
the magnetic field can be calculated. To understand the experimental observation, a theoretical
study has been done numerically considering all the thirteen Zeeman sub-levels. Apart from the
numerical model, a toy model has also been considered to obtain an analytical response of the
medium considering the velocity distribution. The dependencies of the magnetic field direction
and the polarization direction of the electric fields have been explicitly derived in the analytical
model. Further the direction of the magnetic field is calculated using the analytical solution.
This study can be helpful in order to make an EIT based atomic vector magnetometer at room
temperature.
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† sankar.de@saha.ac.in
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I. INTRODUCTION
The coherent interaction of the electric fields with the atomic medium which leads to the
phenomena like electromagnetically induced transparency (EIT) [1, 2], electromagnetically
induced absorption (EIA) [3–5] are highly sensitive to the external magnetic fields. Using
this fact, magnetic field with good spatial resolution and high sensitivity can be measured.
The technological advancements in the field of optical magnetometery, specifically due to the
development of precision optical devices and lasers, has helped us to achieve ultra sensitive
magnetometers. The optical magnetometers are now driven by the various applications such
as heart and brain imaging [6, 7], prediction of the earthquake, detection of the dark matter
[8], fundamental symmetries of nature [9], etc. The commercially available magnetometer
like the superconducting quantum interference device (SQUID) [10] is capable of measuring
the ultra sensitive magnetic field. But in contrast to the SQUID, the atomic magnetometer
does not require cryogenic cooling which opens up an intrinsic advantage of atomic mag-
netometers for miniaturization [11]. Recent studies have shown that the color centers are
promising candidate for miniature magnetometers [12, 13]. Optical pumping magnetometers
(OPM) [14] and spin exchange relaxation-free (SERF) magnetometers [15] are the highly
sensitive magnetometers till date. But all the commercially available magnetometers are
not always preferable since these are sensitive to the magnetic field strength only. But the
direction of the magnetic field is also important in some of the applications. Using the coher-
ent optical effects like EIT with longitudinal magnetic field (LMF) and transverse magnetic
field (TMF) makes an opportunity for developing EIT based vector magnetometers [16, 17]
which is sensitive to the direction of the magnetic field. The effects of LMF [18, 19] or TMF
[20, 21] in the systems characterized by EIT or EIA have been extensively studied.
In this article we have studied the effects of static longitudinal [22] and transverse mag-
netic fields [21, 23] in a hyperfine Λ-type EIT system. We have shown how the EIT resonance
is highly sensitive to the magnetic field direction as well as the polarization direction of the
applied electric fields. The selection rules of the EIT resonances can be controlled by con-
trolling the polarization component of the laser fields with respect to the quantization axis.
Further we have shown, how this experimental technique can be useful for building up a
vector magnetometer. For the experiment we have chosen 87Rb atoms in D2 transition with
lin ⊥ lin polarization of the probe and the pump beams. With this geometry we can eas-
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ily separate the probe beam from the pump beam and study the probe transmission with
perfect clarity.
In addition to the experiment, Liouvillie’s equation was solved numerically considering
all the hyperfine Zeeman sub-levels in order to understand the underlying phenomena of
the experimental observation. Apart from the numerical solution, a toy model consists
of nine level Zeeman sub-system, has been derived in order to understand the phenomena
analytically. Using the analytical behaviour of the observed peaks, we have further calculated
the direction of the magnetic field from the relative amplitudes of the EIT peaks. The
magnitude of the magnetic field is also calculated considering the relative separation between
the EIT peaks. The theoretical formulation in existing literature on atomic magnetometry
are based on numerical simulations [17, 24, 25] whereas here we have tried to build up an
analytical model in addition to numerical simulations.
We have assumed that the quantization axis is along the total magnetic field direction
in order to calculate the polarization components of the applied electric fields [16, 20].
The effective polarization changes due to the introduction of both the longitudinal and the
transverse magnetic fields. We have used a rotated co-ordinate system in order to calculate
the polarization components of the electric fields [26, 27]. We have also introduced the
rotation (φ) of the polarization axis of the electric fields along with the magnetic field
direction (θ) in the calculation of the components.
II. POLARIZATION COMPONENTS IN A ROTATED CO-ORDINATE SYSTEM
The dipole selection rules depend on the polarization of light. If the polarization of the
light is along the quantization axis, then the π transition, i.e ∆m = 0 will be excited and
if the light polarization is perpendicular to the quantization axis, then the σ transition i.e.
∆m = ±1 will be excited. So, depending upon the polarization component with respect to
the quantization axis direction, we can have different combinations of the resonant light.
Let us consider an electric field with its polarization on the x − y plane and the field
is propagating along the z direction (see figure 1). Let us suppose that a magnetic field
is applied on the x − z plane. We will consider the quantization axis to be along the
total magnetic field direction. We assume that the polarization vector of the electric field
~E is making an angle φ with the x axis on the x − y plane and the magnetic field ~B
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is making an angle θ with the propagation direction z axis. Now in order to find the
probability of the π and σ transitions, we can simplify our description to calculate the
polarization components by introducing an appropriate co-ordinate system x′, y′, z′ where z′
is assumed to be parallel to the magnetic field direction and y′ is same as the y axis. So the
electric field components in the rotated co-ordinate system become Ex′ = | ~E| cos (φ) cos (θ),
Ey′ = | ~E| sin (φ) and Ez′ = | ~E| cos (φ) sin (θ). If ~B is considered to be the quantization axis,
FIG. 1. Polarization components in a rotated co-ordinate system (x′, y′, z′). The magnetic field ~B
makes an angle θ with the z axis. Electric field ~E makes an angle φ with the x axis.
then Ez′ = | ~E| cos (φ) sin (θ) will act as the π polarized component because it is parallel to the
quantization axis. The other components Ey′ = | ~E| sin (φ) and Ex′ = | ~E| cos (φ) cos (θ) will
act as the σ polarized lights since they are perpendicular to the quantization axis. Therefore
in this rotated co-ordinate system we can describe the phenomena in a simple way. It is
also clear that the intensity of the resonant peak will depend upon the amplitude of the
polarization component. Since the polarization components of the electric fields depend on
the quantization axis i.e. the direction of the magnetic field, this idea can be used to build
up a vector magnetometer.
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III. EXPERIMENTAL METHODS
In order to study the polarization dependency of the observed peaks experimentally, we
have considered a Λ-type system in 87Rb-D2 transition (see figure 2(a)). The polarization of
the pump and the probe fields were taken to be linear and mutually orthogonal (see figure
2(b)). The pump beam (Ωc) was locked to the transition F = 2 → F ′ = 2 and the probe
beam (Ωp) was scanned from F = 1 → F ′ = 2 transition as shown in figure 2(a). An
external magnetic field was applied in an arbitrary direction in the x − z plane with the
combination of longitudinal and transverse magnetic fields with respect to the propagation
direction as shown in figure 2(b). The longitudinal field (βl) was applied with a solenoid
and the transverse field (βt) was applied with a pair of rectangular Helmholtz coils (see
figure 2(c)). The total magnetic field then becomes | ~B| = √β2l + β2t . The direction of
the magnetic field θ = tan−1(βt
βl
) was changed by increasing the contribution of one of the
magnetic fields. Throughout the interaction region of the Rb vapour cell, the uniformity
of the field strength was maintained within ±0.01 Gauss. Initially the polarization of the
probe beam was parallel to the x axis and the polarization of the pump beam was in the
vertical y direction. They were orthogonal to each other. Eventually in our experiment,
the mutually perpendicular combination of the probe and the pump beams’ polarization
was varied with the help of a λ/2 wave plate (HWP2) with respect to the x axis. After
interaction with the medium, the combination was passed through another λ/2 wave plate
(HWP3) in order to make the probe beam polarization parallel to the x axis and the pump
beam polarization parallel to the y axis again. Using PBS2, the probe beam was separated
from the pump and detected by the detector. The system was kept inside a µ metal shield
in order to reduce the external magnetic field effects (not shown in the figure 2(c)). We have
done the experiment in room temperature in a vapour cell containing Rb atoms in natural
isotopic abundance.
After the application of the external magnetic field, the degeneracy of the hyperfine levels
was lifted as shown in the figure 2(d). As mentioned earlier, we have varied the magnetic
field direction (θ) and rotated the polarization axis of the electric fields (φ) to study the
dependency of the polarization of the electric fields on the probe transmission. For a general
case, if the probe and the pump polarization axis makes an angle φ with the x and the y axis
respectively and the magnetic field makes an angle θ with the z-axis, i.e the propagation
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FIG. 2. (a) Experimental Λ-type system of 87Rb in D2 transition. (b) Schematic representation of
the probe and the pump polarization making an angle φ with the x and the y axis respectively. ~B
is making an angle θ with the z axis. (c) Experimental setup to study the vector magnetometry.
PBS: polarizing cubic beam splitter, HWP: half wave plate, Rb Cell: Rubidium vapour cell. (d)
Zeeman sub-levels of the 87Rb in D2 transition. |ei〉, |g′j〉 and |gk〉 are assumed to be the excited
state, upper and lower ground states respectively for theoretical calculations. The blue, red and
the green lines are for σ+, σ− and π transitions respectively.
direction, then according to the previous discussion, the electric field of the probe ~Ep and
the pump ~Ec in the rotated coordinate system become,
~Ep = | ~Ep| cosφ cos θeˆx′ + | ~Ep| sinφeˆy′ + | ~Ep| cosφ sin θeˆz′
= | ~Ep| cosφ sin θeˆz′ − |
~Ep|√
2
(cosφ cos θ + i sinφ)σ+ +
| ~Ep|√
2
(cosφ cos θ − i sin φ)σ−
~Ec = −| ~Ec| sinφ cos θeˆx′ + | ~Ec| cosφeˆy′ − | ~Ec| sinφ sin θeˆz′
= | ~Ec| sinφ sin θeˆz′ − |
~Ec|√
2
(− sin φ cos θ + i cosφ)σ+ − |
~Ec|√
2
(sinφ cos θ + i cosφ)σ−
(1)
These components will act as the π and σ polarization components with respect to the
quantization axis. This situation is schematically depicted in figure 2(b). Depending on
the polarization components, the allowed transitions according to the dipole selection rules
are shown in the figure 2(d). In the experiment we have scanned the probe beam along the
transition F = 1→ F ′ = 2 while the pump beam was locked to the transition F = 2→ F ′ =
2. While keeping the pump intensity fixed at 17.5 mW/cm2 and the probe intensity at 0.1
mW/cm2, we have studied the effects of the external magnetic field ~B and the dependency of
6
the angle of the polarization axis (φ) of the applied electric fields on the probe transmission.
IV. RESULTS AND DISCUSSIONS
In the figure 3, we have shown how the probe transmission spectra got modified for a
general polarization when the quantization axis direction due to the magnetic fields was
along θ = 44.80 and the polarization axis of the probe field was making an angle φ = 400
with respect to the x axis. In this case the longitudinal field was βl = 4.26 Gauss and
the transverse field was βt = 4.23 Gauss. A total seven EIT peaks have been observed.
Here the consecutive peak separation was δ = 4.17 MHz, where δ = µBgF | ~B| is the energy
level shift due to the application of the total external magnetic field ~B. µB and gF are the
Bohr magnetron and the Lande-g factor respectively. These EITs are coming due to the
contributions of the σ and the π polarized components of the pump and the probe beams as
shown in figure 2(d). To explain the formation of the observed EIT peaks, we assumed sub
Λ-type systems in the Zeeman levels considering only two photon coherence while we have
neglected the higher order coherence.
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FIG. 3. (a) Experimentally measured and (b) numerically solved probe transmission spectra for
θ = 44.80 and φ = 400. A0, A±2 are the σ EIT peaks and A±1, A±3 are the π EIT peaks.
Since both the pump and the probe beams have both the π and the σ polarization com-
ponents, four different combinations of polarization of both the pump and the probe beams
may be possible for which the Λ-type system can be formed. The possible combinations are
(a) the pump and the probe both are σ polarized light, (b) the probe is π polarized and the
pump is σ polarized (c) the pump is π polarized and the probe is σ polarized and (d) both
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the pump and the probe are π polarized light. We will consider each of the combinations
separately to explain our experimental results.
FIG. 4. Different combinations of the pump and the probe beams for which the Λ-type system
can be formed. (a) Pump and probe both are σ polarized, (b) Probe is π polarized and pump is σ
polarized light, (c) Pump is π polarized and probe is σ polarized light, (d) Pump and probe both
are π polarized light.
Let us assume the first configuration (a), where both the probe and the pump beams are
σ polarized light. In this configuration, there can be at the most ten Λ-type systems possible
by the combinations of σ+ and σ− components of the probe and the pump beams as shown
in figure 4(a). The ten EIT resonances will be observed at the positions 0, +2δ and −2δ
in the probe transmission spectrum depending upon the two photon detunning. So, there
will be only three EIT resonance due to the σ polarization contributions of the pump and
the probe beams. In figure 3, A0, A2 and A−2 have the contributions of this configuration.
Specifically, this configuration arises when the magnetic field is perpendicular to the pump
and the probe polarizations. If only the longitudinal magnetic field is applied, the probe
and the pump beams become σ polarized.
In the figure 4(b) we have considered the second configuration (b) where the probe is π
8
polarized and the pump is σ polarized. In this case, at the most six Λ-type systems can
be possible. Here the EIT resonances will come at ±δ and ±3δ detunnings in the probe
transmission depending on the two photon detunning. So, effectively there will be four EIT
transmission peaks due to this configuration. In the figure 3, the peaks A+1, A−1, A+3
and A−3 have contributions of this configuration. This situation can be particularly created
when only the transverse magnetic field is applied i.e., θ = 900 and the polarization axis of
the probe beam is parallel to the x axis while the pump polarization is parallel to the y axis
i.e. φ = 0. In that case the probe polarization becomes totally π but the pump will be σ
polarized light.
The third possibility (c) is depicted in figure 4(c). Here the probe beam is σ polarized
light and the pump beam is π polarized light. In this configuration, four Λ-type systems can
be formed. The EIT will be observed at the positions ±δ and ±3δ in the probe transmission
similar to the earlier case (b). So, the peaks A+1, A−1, A+3 and A−3 in figure 3 also have
the contributions from this configuration. This situation can be created when θ = 900, i.e.,
only the transverse magnetic field is applied as in the earlier case but here the polarization
axis of the probe beam is perpendicular to the x axis i.e. φ = 900. Correspondingly the
polarization of the pump beam is parallel to the x axis. So, the pump polarization becomes
π and the probe becomes σ polarized light. Interestingly the results for the case (c) is similar
to the case (b) but the roles played by the pump and the probe polarizations are completely
reversed.
For the last combination (d) since both the probe and the pump beams are π polarized
(see figure 4(d)), there will be only two Λ-type subsystems. The EIT peaks will be observed
at ±2δ in the probe transmission. In the figure 3, the peaks A±2 have contributions from
this configuration.
Therefore, when the electric fields have all the π and σ polarization components, total
seven EIT peaks will be observed. The corresponding positions are at 0, ±δ, ±2δ and ±3δ in
the probe transmission. Here three peaks A0 and A±2 are due to the longitudinal component
of the magnetic field which we termed as σ peaks and four EIT peaks A±1 and A±3 are due
to the transverse component of the magnetic field which we termed as π peaks. In the figure
3, all the seven EITs have been observed due to all the possible combinations of the pump
and the probe beam polarizations as discussed above.
Apart from the general case, we have further carried out our study on how the probe
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transmission was dependent on (a) the magnetic field direction θ while the angle of the
polarization axis φ was fixed and (b) when the axis of the polarization angle φ was varied
keeping the quantization axis direction θ fixed. In these cases we have shown that we can
control the amplitudes of the π and σ EIT peaks by changing the polarization components
of the pump and the probe fields.
In the the first case (a) we have fixed the angle φ = 00. So the pump was polarized along
the y-axis where as the probe beam was polarized along the x axis. Since we have varied
the direction of the magnetic field θ, the contributions of the π and the σ components of
the probe electric field will change. In figure 5(a) the observed results have been plotted
for this case. To start with, we have applied only the longitudinal magnetic field (βl). The
magnitude of βl was kept fixed at 4.26 Gauss. Since in this case θ = 0
0, both the pump and
the probe beams are σ polarized, only three σ EIT resonances have been observed (figure
5(a) curve 1 ). The coupling scheme is shown in figure 4(a). Then the transverse magnetic
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FIG. 5. Experimentally observed probe transmission due to the (a) variation of the quantization
axis direction θ for the fixed φ = 00 and (b) due to the variation of the polarization axis angle φ
while θ was fixed at 900. In both the figures, a base line was subtracted from each of the spectra
for better visualization of the peak amplitudes.
field (βt) was introduced and the magnitude was increased gradually. So the direction of the
total magnetic field (θ) as well as the total magnetic field strength | ~B| was changed. We have
changed the transverse magnetic field from 0 Gauss to 14.1 Gauss. When the transverse
field strength βt is very less compared to the longitudinal field strength βl, the contribution
of the longitudinal field dominates. In this case the EIT peak strength of A0 and A±2 will
be higher compared to the other EIT peaks. But when βt is very high compared to βl, the
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EIT peak strength corresponding to the transverse magnetic field i.e A±1 and A±3 will be
higher as seen in the figure 5(a) curve 4 . In between these two extreme cases, seven EIT
peaks will be observed. So with the increase of θ, the amplitude of the π peaks will increase
and that of the σ peaks will be diminished as observed in figure 5(a). Therefore, in a way
we can control the EIT peak strengths depending on the direction of the applied magnetic
field.
Since we have increased the magnitude of the total field | ~B|, the energy level separation
of the Zeeman sub-levels will also increase. Correspondingly the separation of the observed
EIT peaks will also increase which is also observed in the figure 5(a). The separation is
proportional to the magnitude of the total magnetic field strength. So by measuring the
separation between the EIT peaks, we can estimate the magnitude of the total magnetic
field | ~B|. Further the EIT peak amplitudes are dependent on the direction of the magnetic
field. So from the relative amplitudes of the EIT peaks, the direction of the magnetic field
(θ) can also be calculated. This method is discussed in section VI.
The observed EIT peak amplitudes are highly dependent on the polarization of the electric
fields. In the second case (b) we have directly varied the angle of the polarization axis (φ)
while keeping the quantization axis direction fixed at θ = 900. In this case we have only
applied the transverse magnetic field βt. In this configuration, initially when φ = 0
0, the
probe has only the π polarization component and the pump is purely σ polarized light. The
coupling scheme is similar to the figure 4(b). So, in this case only the π EIT peaks (A±1
and A±3) will be observed as shown in the figure 5(b) curve 1 . When φ becomes 90
0 the
situation becomes reverse of the earlier case, i.e. φ = 00. The probe polarization becomes
purely σ and the pump becomes π polarized light as in figure 4(c). So, here also we will
observe only four π EIT resonances (A±1 and A±3) as discussed earlier. The experimentally
obtained result is plotted in the figure 5(b) curve 4 . In between these two extreme cases
when φ is arbitrary, we will observe the σ EIT peaks along with the π EIT peaks, since the
pump and the probe both will have π and σ polarization components. As a whole we will
observe seven EIT peaks for the other φ angles (see figure 5(b)). So, it is clear that we can
control the strength of the σ and the π EIT peaks by the angle φ. Also, in this case, the σ
EIT peaks can be controlled fully from zero intensity upto a maximum value. This can be
useful in detecting the magnetic field direction (θ) (see section VI).
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V. THEORETICAL MODELS
A. Numerical Simulation
In order to simulate our experimental observations we have solved the density matrix
equation considering all the Zeeman sub-levels in the steady state condition keeping
dρ
dt
= 0.
In this configuration a total thirteen level system (figure 2(d)) is formed. Depending upon
the selection rules ∆mF = 0,±1 the π and the σ polarization components of the light field
can couple with the levels. For the theoretical simulation, we assumed lin ⊥ lin polarization
configuration of the pump and the probe beams as considered in the experiment. As men-
tioned earlier, we assumed that the quantization axis to be along the total magnetic field
direction. The Master equation, after the application of the rotating wave approximations
(RWA), becomes
dρ
dt
= − i
~
[H, ρ]− 1
2
{R, ρ}+ ΛA + Λγ (2)
Here H is the total Hamiltonian and ρ is the density matrix. R is the depopulation
matrix or the relaxation matrix which is the sum of the intrinsic relaxation and the transit
relaxation rates. The intrinsic relaxation rates depend on the natural decay line width Γ
and the transit relaxation decay rate γ is proportional to the collisional decay between the
ground states. ΛA and Λγ are the re-population matrices. Here we have considered both
the optical re-population and the transit re-population in the re-population matrices. Here
H = H0 +HI +HB, where H0 is the unperturbed Hamiltonian. H0 is defined as,
H0 =
∑
i
~ωei |ei〉 〈ei|+
∑
j
~ωg′j
|g′j〉 〈g
′
j|+
∑
k
~ωgk |gk〉 〈gk| (3)
The light-atom interaction Hamiltonian HI is defined as,
HI =
∑
i,j |ei〉 〈g
′
j| [Eσ+c .µeig′j + E
σ−
c .µeig′j
+ Epic .µeig′j
]
+
∑
i,k |ei〉 〈gk| [Eσ+p .µeigk + Eσ−p .µeigk + Epip .µeigk ] + h.c.
(4)
The dipole matrix µeigk is given by,
µeigk = 〈Fe| |er| |Fg〉 (−1)Fe−1+mg

 Fe 1 Fg
−me q mg

 ; q = 0,±1 (5)
In the parenthesis, 3j symbol is defined. The magnetic-atom Hamiltonian HB is defined as,
HB =
∑
i
µBmei |ei〉 〈ei|+
∑
j
µBmg′j
|g′j〉 〈g
′
j|+
∑
k
µBmgk |gk〉 〈gk| (6)
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Here µB is the Bohr magnetron. |ei〉, |g′j〉 and |gk〉 are the excited state, upper and lower
ground states respectively (see figure 2(d)). m is the magnetic quantum number. E
σ+
(p/c),
E
σ−
(p/c) and E
pi
(p/c) are the electric field amplitudes of the σ+, σ−, and π polarization compo-
nents respectively of the probe or the pump beams. The probe and the pump amplitudes
corresponding to the σ and π polarizations are dependent on the magnetic field direction θ
and the polarization axis angle φ as shown in equation 1. All the matrices considered here
are 13×13 matrices. The susceptibility of the medium in the presence of both the transverse
and the longitudinal fields becomes,
χ =
N
ǫ0Ep
∑
i,k
µeigkρeigk (7)
Here N is the number density of the atoms. Using the above relationship, we can solve
χ for any value of θ and φ. In order to solve the χ in the steady state condition, we
have solved a set of 169 coupled algebraic optical Bloch equations (equation 2) numerically
[28]. In figure 3(b), we have plotted the numerically solved probe transmission considering
θ = 44.80 (corresponding βl and βt values are similar to the experiment) and φ = 40
0.
All the parameters are taken to be the same as the experimental values. All the seven
EIT resonances are observed in the simulated plot in figure 3(b) since the probe and the
pump both have σ and π polarization components. The simulated peaks in figure 3(b) are
marked according to the experimental spectra as we found them to be coming at the same
position as that in figure 3(a). It is clear that in the interaction process, only the two photon
contribution is dominating and all the other higher order coherences are negligible. In this
way, we can explain all the phenomena after considering the sub Λ-type system as we had
qualitatively described earlier in experimental section IV.
Although the numerical solution gives us all the possible EIT peaks and its dependency on
the θ and φ, it is unable to give further insight about the explicit functional dependency
of the parameters on the probe transmission. Instead if we are able to form an analytical
model, the observed experimental results can be understood in a more efficient way. Since we
have shown both qualitatively and numerically that two photon resonance has dominating
contribution in the experiment, we can use the series of Λ-type sub systems in order to make
a toy model for an analytical solution. In the analytical solution we have considered the
velocity distribution of the atoms whereas in the numerical solution only the zero velocity
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group of atoms are considered. Further, using the analytical model we can explain how this
experiment can be used to build up a vector magnetometer.
B. Analytical Model
In order to understand the dynamics in a more quantitative way we have formed a toy
model of nine level Zeeman sub-systems to calculate the probe transmission analytically
as shown in figure 6(a). We have considered only one EIT peak that comes due to the
contribution of the longitudinal magnetic field namely, σ EIT (A0) and two EIT peaks (for
symmetry) which comes due to the transverse component of the magnetic field namely, the
π EIT (A±1) to keep the model simple.
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FIG. 6. (a) Level diagram of the toy model considering nine Zeeman sub-levels. (b) Analytical
solution of the toy model. A0 , A±1 are the same as the observed peaks shown in figure 3. Here
we assumed θ = 44.80 and φ = 400 as in the earlier cases.
The A0 EIT peak arises due to the contribution of the Λ-type system formed by |g′−1〉 →
|e0〉 → |g+1〉 and |g′+1〉 → |e0〉 → |g−1〉 transitions. Both the Λ-type systems have the
resonance at ∆p = 0. Here both the pump and the probe beams are σ polarized light.
Similarly the A+1 resonance occurs due to the contribution of the Λ type system formed by
the transitions |g′−1〉 → |e0〉 → |g0〉 and |g′−1〉 → |e−1〉 → |g0〉. Both these Λ-type systems
have resonance at ∆p = +δ. Here one of the pump or the probe beams is σ polarized and
the corresponding other one is π polarized light. In the same manner, the A−1 peak occurs
due to the the contribution of the |g′+1〉 → |e0〉 → |g0〉 and |g′+1〉 → |e+1〉 → |g0〉 Λ-type
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systems. These two Λ-type systems have resonance at ∆p = −δ. All these configurations
are the simplified version of the case represented in the figures 4(a,b and c). In order to
include the contribution of both θ and φ simultaneously, we have to consider at least two
Λ-type systems for each of the peaks. So, we have considered two Λ-type system for each of
the peaks. Considering all the Λ-type sub-systems, the total susceptibility χ of the system
including the velocity distribution of the atoms becomes,
χ =
1
ǫ0Ep
∫∞
−∞
d(kv)N(kv)
∑
i,k µeigkρeigk
=
1
ǫ0Ep
∫∞
−∞
d(kv)N(kv)
∑
i,k
i
6
µeigkΩeigk
γeigk + i(∆eigk + kv) +
|Ωeig′j |
2
4
[
γ
g
′
jgk+i
(
∆eigk−∆eig
′
j
)
] (8)
Here we assumed all the populations are trapped in the dark state |gk〉, that is ρgkgk = 1/3;
(k = 0,±1) and ρg′
j
g
′
j
= ρeiei = 0, for the simplicity of the solution. Ωeigj =
µeigkEeigk
~
are the
Rabi frequencies and Eeigk are the electric field amplitudes of the corresponding transitions.
γeigk are the decay terms between the |ei〉 and |gk〉. N(kv) is the velocity distribution of the
atoms who obey the Maxwell-Boltzmann velocity distribution. But instead of MB velocity
distribution which is a Gaussian distribution, if we assume the distribution to be a Lorentzian
having the same FWHM as the Doppler i.e. 2WD = 2
√
ln2ku, the above equation 8 can
be solved analytically [2, 29]. Thus, for the analytical solution, we assumed a Lorentzian
velocity distribution of the atoms [30] defined as,
N(kv) = N0Λ0
WD/π
W 2D + (kv)
2
(9)
Here N0 is the number density of the atoms. k is the wave vector and Λ0 is a constant taken
to be
√
π ln 2. The equation 8 can be solved using the contour integral method. χ has three
poles in the complex kv plane. kv = ±iWD and kv = iγeigk + i
|Ω
eig
′
j
|2
4(γ
g
′
j
gk
+i(∆eigk−∆eig
′
j
))
−∆eigj
for each of the ρeigk . We will consider only the contribution of the pole kv = −iWD. The
solution becomes,
χ =
iN0Λ0
6ǫ0Ep
∑
i,k
µeigkΩeigk
γeigk + i(∆eigk − iWD) +
|Ωeig′j |
2
4
[
γ
g
′
jgk+i
(
∆eigk−∆eig
′
j
)
]
(10)
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Using this above equation 10 we can analytically plot the probe transmission spectrum
for any values of θ and φ. In the figure 6(b) the probe transmission is plotted assuming
θ = 44.80, φ = 400 and δ = 4.17 MHz as considered in the experimental data shown in
figure 3. As the φ and the θ are arbitrary directions, the pump and the probe both have π
and σ polarization components. So all the possible three EIT (π and σ) peaks are observed.
Furthermore, using this formulation, we can explain the specific cases as we have done in
the experiment.
For the first case, φ = 0 and we have varied the θ by increasing the βt keeping βl constant
at 4.26 Gauss. In the figure 7(a) we have plotted the analytical solution of the probe
transmission for the variation of θ. Initially when θ is zero, i.e. the pump and the probe
both are fully σ polarized light, only the A0 EIT will be observed (figure 7(a) curve 1 ).
Now if we increase the θ by increasing the contribution of the transverse magnetic field, the
peaks A±1 will appear along with the A0 peak. We will observe all the three resonances
until θ = 900. In this case the σ EIT peak A0 will completely disappear and only the π
EIT peaks A±1 will remain. In figure 7(a) we have shown the spectra upto θ = 74
0 (curve
4 ) similar to the experiment. Here also we have observed that if the transverse magnetic
field strength (βt) is greater than the longitudinal component βl, the σ EIT peak will be
diminished and the other peaks A±1 will be enhanced as we observed in the experiment
(figure 5(a)). Since the transverse magnetic field βt was increased, the separation between
the peaks also increased (see figure 7(a)).
For the second case, we have plotted the results for the φ variation keeping the quantiza-
tion axis direction fixed at θ = 900. Initially when φ = 0, the probe is π polarized and the
pump is σ polarized. It is expected that only the π EIT peaks will be observed here. So,
in this case two EIT peaks (A±1) were observed (figure 7(b) curve 1 ). When φ = 90
0 the
pump polarization becomes π and the probe polarization becomes σ. So, here also we will
observe only two A±1 EIT peaks (figure 7(b) curve 4 ). For all the other angles φ, we shall
observe the A0 EIT peak along with the A±1 since the pump and the probe beams both have
all the polarization components. Depending on the value of the polarization components,
the peak amplitudes will be modified as shown in figure 7(b). Here also we observed similar
results as that in the experiment (figure 5(b)). In the above two plots 7(a) and 7(b) we have
subtracted the two photon absorption from one photon Doppler background analytically i.e.
Im[χ(Ωg′jei
= 0)− χ(Ωg′jei)], in order to plot and compare the peak amplitudes.
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FIG. 7. Analytically plotted probe transmission spectra due to the (a) variation of the quantization
axis direction θ for fixed φ = 00 and (b) due to the variation of the polarization axis φ for fixed
θ = 900. For both the figures, the two photon absorption is subtracted from the one photon
Doppler absorption to get the peak amplitudes.
So, by using the toy model we can easily explain the observed results analytically. From the
above results we can predict that the peak amplitudes will show oscillatory behaviour for
the variation of θ and φ. Using these facts we can determine the magnetic field direction
from the relative amplitudes of the observed peaks. In the next section we have discussed
how our analytical solution can be useful in the vector magnetometry.
VI. DETECTION OF THE UNKNOWN MAGNETIC FIELD
Since the separation between the EIT peaks and the EIT peak amplitude is dependent on
the orientation of the magnetic field and the polarization components of the applied electric
fields, the above experimental technique can be used for the detection of the unknown
magnetic field. From the separation of the two consecutive EIT resonances, we can measure
the strength or the magnitude of the magnetic field. Since the peak amplitude is dependent
on the quantization axis, from the relative intensity we can predict the direction of the
magnetic field.
In the case of the magnitude of the field, the peak separation δ = µBgF | ~B|∆mF , is pro-
portional to the magnetic field strength. For the two consecutive peaks, the peak separation
becomes δ = µBgF | ~B| as ∆mF = ±1. In the experiment we have increased the transverse
magnetic field strength (βt) keeping the longitudinal magnetic field strength (βl) fixed. So
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the total magnetic field strength will also increase since | ~B| =√β2l + β2t . In the figure 8(a),
experimentally observed peak separations between A0 and A+1 have been plotted with the
total magnetic field | ~B|. In the figure 8(b), theoretically calculated values using δ = µBgF | ~B|
have been plotted. In both the cases we got similar values. We observed that when the peaks
are well separated, the separation increases linearly with the increase of | ~B|. But when the
A+1 peak just started to appear, we have observed a nonlinear behaviour in the experimen-
tally observed values [31, 32]. There exists a threshold value of the magnetic field below
which the A+1 will not be observed. In our case, it was βt = 1.2 Gauss corresponding to
the value of βl = 4.26 Gauss (see figure 8(a)). For simplicity of the calculation, in the
theoretical results, we have considered only the linear part above the threshold value where
the separation is proportional to the field strength.
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FIG. 8. (a) Experimentally observed and (b) theoretically calculated, peak separations between
A0 and A+1 versus magnetic field strength | ~B|.
The direction of the magnetic field can be calculated from the relative amplitudes of
the σ and the π EIT peaks. From the analytical solution of the susceptibility χ, we can
easily find the peak amplitudes of the individual peaks. As discussed earlier, the A0 peak
is coming due to the contribution of the two Λ-type systems formed by the transitions,
|g′−1〉 → |e0〉 → |g+1〉 and |g′+1〉 → |e0〉 → |g−1〉. The peak amplitude can be approximately
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calculated as,
A0 ≃ Im[ 1
ǫ0Ep
∫ +∞
−∞
d(kv)N(kv)[µg+1e0[ρg+1e0(Ωg′
−1
e0
= 0)− ρg+1e0(Ωg′
−1
e0
)]
+µg−1e0[ρg−1e0(Ωg′
+1
e0
= 0)− ρg−1e0(Ωg′
+1
e0
)]]]
= Im[
iN0Λ0
6ǫ0Ep
µg+1e0Ωg+1e0 |Ωg′
−1
e0
|2
(WD + γg+1e0 + iδ)(4γg+1g′−1
(WD + γg+1e0 + iδ) + |Ωg′
−1
e0
|2)
+
iN0Λ0
6ǫ0Ep
µg−1e0Ωg−1e0 |Ωg′
+1
e0
|2
(WD + γg−1e0 − iδ)(4γg−1g′+1(WD + γg−1e0 − iδ) + |Ωg′+1e0 |2)
]
(11)
In the calculation of the A0 peak amplitude we considered ∆p = ∆c = 0. Here we have
subtracted the two photon contribution from the one photon Doppler contribution in order
to find the peak amplitude. The term iδ has no contribution on the peak amplitude. So we
have neglected it and the peak amplitude becomes,
A0 =
N0Λ0
6ǫ0Ep
µg+1e0Ωg+1e0|Ωg′
−1
e0
|2
(WD + γg+1e0)(4γg+1g′−1
(WD + γg+1e0) + |Ωg′
−1
e0
|2)
+
N0Λ0
6ǫ0Ep
µg−1e0Ωg−1e0 |Ωg′
+1
e0
|2
(WD + γg−1e0)(4γg−1g′+1
(WD + γg−1e0) + |Ωg′
+1
e0
|2)
(12)
In our case, the Rabi frequencies |Ωg+1e0|2 = |Ωg−1e0 |2 =
[
µg+1e0Ep√
2~
]2 (
sin2(φ) + cos2(φ) cos2(θ)
)
and |Ωg′
−1
e0
|2 = |Ωg′
+1
e0
|2 =
[
µg′
−1
e0
Ec√
2~
]2 (
cos2(φ) + sin2(φ) cos2(θ)
)
. Also γeigk = γeig′j =
Γ/6, where Γ is the natural line-width and all the γg′jgk
are assumed to be ≈ 30 KHz. Sim-
ilarly A+1 peak amplitude can be calculated as above. The A+1 peak amplitude becomes,
A+1 = Im[
1
ǫ0Ep
∫ +∞
−∞
d(kv)N(kv)[µg0e0
(
ρg0e0(Ωg′
−1
e0
= 0)− ρg0e0(Ωg′
−1
e0
)
)
+
µg0e−1
(
ρg0e−1(Ωg′
−1
e−1
= 0)− ρg0e−1(Ωg′
−1
e−1
)
)
]]
(13)
As earlier, if we drop the iδ term, the peak amplitude becomes,
A+1 =
N0Λ0
6ǫ0Ep
µg0e0Ωg0e0|Ωg′
−1
e0
|2
(WD + γg0e0)
(
4γg0g′−1
(WD + γg0e0) + |Ωg′
−1
e0
|2
)
+
N0Λ0
6ǫ0Ep
µg0e−1Ωg0e−1 |Ωg′
−1
e−1
|2(
WD + γg0e−1
) (
4γg0g′−1
(WD + γg0e0) + |Ωg′
−1
e−1
|2
) (14)
Here we assume ∆p = +δ and ∆c = 0. The Rabi frequencies are defined as, |Ωg0e0|2 =[
µg0e0Ep
~
]2
cos2 φ sin2 θ; |Ωg′
−1
e0
|2 =
[
µg′
−1
e0
Ec√
2~
]2
(cos2(φ) + sin2(φ) cos2(θ)); |Ωg0e−1 |2 =
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FIG. 9. Calculated magnetic field direction versus quantization axis direction (θ). (a) Experi-
mentally calculated θexp values. (b) Theoretical θth values considering equation 16.
[
µg0e−1Ep√
2~
]2
(sin2(φ)+cos2(φ) cos2(θ)) and |Ωg′
−1
e−1
|2 =
[
µg′
−1
e−1
Ec
~
]2
(sin2(φ)+cos2(φ) cos2(θ)).
The above equations (12 and 14) are the theoretical formulae for calculating the peak
amplitudes. Using the relative peak amplitudes we can measure the direction (θ) of the
magnetic field. For our specific case, we have done the experiment for φ = 0 and varied the
direction of the quantization axis θ. In this case the equation becomes even simpler if we
take the ratio of the two peaks,
A+1
A0
=
1√
2
(
µg0e0
µg+1e0
)2 tan (θ) (15)
So the ratio is dependent only on the direction of the magnetic field and the dipole
transition strengths. Interestingly it is independent of the intensity of the laser beams i.e.,
it is free from power broadening effects. Using this equation we can calculate the direction
of the magnetic field,
θth = tan
−1
[√
2
(
µg+1e0
µg0e0
)2
A+1
A0
]
(16)
In the figure 9 we have compared the experimental results with the theoretical ones. Fig-
ure 9(a) shows the calculated magnetic field direction θexp from the experimentally observed
values. Since the intensity of the π and the σ EIT peaks are proportional to sin2(θ) and
cos2(θ) [33], the amplitudes of A+1 and A0 were calculated by taking the square root of
the experimentally observed intensities. For the theoretical calculation in figure 9(b), we
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directly used the amplitudes A0 and A+1 from the equations 12 and 14. The quantization
axis direction θ is calculated from the magnetic field strengths using θ = tan−1(βt
βl
) which is
an independent parameter.
So, by using the above technique we can find the unknown magnetic field strength and
its direction. Therefore this formulation can be useful in developing an EIT based vector
magnetometer.
Further the peak amplitudes are also dependent on the input polarization components of
the electric fields. In the vector magnetometry the polarization is an important parameter
for the detection of the direction of the magnetic field. We have already seen in the spectra
of the figures 5(b) and 7(b) that the observed peaks appear in an oscillatory manner. In the
figure 10 we have plotted the locus of the peak amplitude of A0 as a function of the angle φ
where the quantization axis θ = 900 is kept fixed. We observed that the peak A0 shows local
maxima and minima. In the equation 12 we have calculated the analytical behaviour of the
A0 peak amplitude as a function of θ and φ. When θ = 90
0, the A0 amplitude becomes,
A0 =
N0Λ0
6
√
2ǫ0~3
µ2g+1e0µ
2
g
′
−1
e0
E2c sin(φ) cos
2(φ)
(WD + γg+1e0)

4γg+1g′−1(WD + γg+1e0) +
[
µg′
−1
e0
Ec√
2~
]2
cos2(φ)

 (17)
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FIG. 10. Locus of the A0 EIT peak amplitude with the variation of φ while θ = 90
0. (a)
Experimentally observed values. (b) Theoretically plotted results with equation 17.
So, it is clear that when φ = npi
2
, where n = 1, 2, 3..., the peak will not be observed as it
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becomes zero. In figure 10(a) we have plotted the experimentally observed characteristics
of the peak amplitude as function of φ. Theoretically we are getting similar results (see
figure10(b)) as observed from the experiment. The curve shows the local maxima and
minima. For the case φ = 0, the σ polarization of the the probe beam is zero. So, no Λ-type
system will be formed at ∆p = 0. So A0 will not be observed. Similarly for φ = 90
0, again σ
component of the pump beam will be zero but the probe beam will have the σ component.
So at ∆p = 0 there will not be any Λ-type system. So, again A0 will not be observed. In
between, we will get the maxima for the A0 peak. Since the local minima and the maxima
are dependent on the quantization direction, by finding the minima and the maxima we can
find the direction of the magnetic field. If we change the direction of the magnetic field, the
maxima and the minima will be shifted.
VII. CONCLUSION
In summery we have experimentally studied the effects of the longitudinal and the trans-
verse magnetic fields in the EIT of a Λ-type system. We have shown how we can select
the different EIT resonances by controlling the polarization components. To understand the
experimental results we have calculated the probe transmission considering all the Zeeman
sub-levels for a complete solution. Apart from the numerical model, we have also calculated
the characteristic features of the σ and π EIT peaks analytically using a toy model. The EIT
peaks show oscillatory behaviour with respect to the angle θ and φ. Our analytical model
reveals the explicit dependency of the EIT peaks on the quantization axis direction (θ) and
the angle of the polarization axis (φ). We have also derived the direction of the applied
magnetic field (θ) analytically from the relative amplitudes of the EIT peaks. Furthermore,
we have shown how our analytical solution can be helpful in developing an EIT based atomic
vector magnetometer. Even though we have considered a toy model, we have explained all
the experimental observations and their explicit dependencies on the parameters with this
simplistic model.
Practical applications of the vector magnetometers in the field of navigation, biology, ge-
ology and industry are increasing day by day. Our analytical model can be further developed
to produce precise values for the magnetic field vectors for any atomic system. These values
can be compared in-situ with the measurements from different devices. This might lead to
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real-time monitoring, correction and calibration of the vector fields in order to develop a
realistic atomic vector magnetometer. In this way our study can be helpful in enriching the
field of vector magnetometry along with the existing technologies.
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